Spin current experiences minimal dephasing and scattering in Si due to small spin-orbit coupling and spin-lattice interactions is the primary source of spin relaxation. We hypothesize that if the specimen dimension is of the same order as the spin diffusion length then spin polarization will lead to non-equilibrium spin accumulation and emergent phase transition. In n-Si, spin diffusion length has been reported up to 6 µm. The spin accumulation in Si will modify the thermal transport behavior of Si, which can be detected with thermal characterization. In this study, we report observation of spin-Hall effect and emergent antiferromagnetic phase transition behavior using magneto-electro-thermal transport characterization. The freestanding Pd (1 nm)/ Ni 80 Fe 20 (75 nm)/ MgO (1 nm)/ n-Si (2 µm) thin film specimen exhibits a magnetic field dependent thermal transport and spin-Hall magnetoresistance behavior attributed to Rashba effect. An emergent phase transition is discovered using self-heating 3w method, which shows a diverging behavior at 270 K as a function of temperature similar to a second order phase transition. We propose that spin-Hall effect leads to the spin accumulation and resulting emergent antiferromagnetic phase transition.
Introduction
Due to small intrinsic spin orbit coupling (SOC), spin-phonon interaction is the primary spin relaxation mechanism in Si. We hypothesize if the spin diffusion length is larger than the specimen dimension then spin-phonon relaxation will be suppressed and non-equilibrium spin accumulation will occur as shown in Figure 1 a. In case of Si, the spin accumulation will lead to change in phonon in thermal transport due to spin-phonon relaxation behavior. The spin diffusion length for most of the materials is less than 10 nm but that of n-Si has been measured to be up to ~6 µm [1] [2] [3] [4] . The long spin diffusion length allows us to observe the effect of spin polarization on phononic thermal transport in n-Si. The electrical spin injection and thermal spin-Seebeck tunneling are the popular methods of spin injection in Si. We hypothesized that electrical current across the ferromagnet/n-Si bilayer may lead to spin polarization in n-Si layer either due to spinHall effect (SHE) or the spin-Seebeck tunneling due to out of plane temperature gradient. When an electrical bias is applied across the conducting thin film specimen, a parabolic temperature gradient develops across the length of the specimen. In addition, out of plane temperature gradient may occur, which may lead to spin-Seebeck tunneling. The longitudinal temperature gradient gives rise to thermal transport across the specimen and the in-plane temperature gradient can be used to characterize the thermal properties (thermal conductivity and heat capacity). The spin polarization due to SHE or spin-Seebeck tunneling in n-Si specimen will modify the thermal transport behavior.
The resulting change in thermal transport can be discovered using thermal property characterization also known as self-heating 3w method [5] [6] [7] [8] .
Experimental setup
The self-heating 3w method relies on the solution of the one-dimensional heat conduction equation for the specimen, which is given by
where L and S are the length between the voltage contacts and the cross-sectional area of the specimen, respectively. ρ, Cp and κ are the density, specific heat and thermal conductivity in the material. R 0 is the initial electrical resistance of the specimen at temperature T o . 
where is the thermal time constant and is related with the heat capacity # = I -OK Q5 -. The V 3ω is a function of both thermal conductivity and heat capacity. The thermal conductivity can be expressed in terms of the third harmonic voltage V 3ω in the low frequency limit ( → 0) by
We can infer that the heat capacity and thermal conductivity can be considered as a function of resistance and V 3ω response (
). The self-heating 3w method has been successfully applied to elucidate the spin mediated thermal transport behavior in p-Si specimen [9, 10] . The self-heating 3w method requires a freestanding thin film specimen to minimize the heat loss and in turn error in thermal property measurement.
To fabricate the freestanding thin-film structure, we started with a commercially available silicon on insulator (SOI) wafer with a P-doped 2 µm thick device layer having a resistivity of 0.001-0.002 Ω cm. Using UV photolithography, we patterned and etched the front setup in the Si device layer using deep reactive ion etching (DRIE). A freestanding Si structure is made by etching the buried oxide using hydrofluoric acid vapor etching. In the next step, we removed the surface oxide by Ar milling for 10 minutes, followed by deposition of 1 nm MgO using RF sputtering. A 
Results and discussion
For self-heating 3w method, we apply an alternating current (ac) bias across the four-probe specimen. We acquire the L4 (electrical resistance), N4 (spin mediated thermoelectric effects including spin-Seebeck effect (SSE) [11, 12] and anomalous Nernst effect (ANE) [12] ) and D4
(thermal properties) [9, 10] responses as a function of temperature and magnetic field. The magneto-electro-thermal transport measurements are carried out using a Quantum Design physical property measurement system (PPMS) at high vacuum. The self-heating 3w method requires a cubic relationship between heating current and the corresponding D4 response. We observe that the device having 25 nm of Ni 80 Fe 20 layer deviates significantly from the cubic relationship. We assumed that the resistance of 25 nm of Ni 80 Fe 20 layer will be larger than the 2 µm of n-Si layer, which will keep the specimen resistance behavior Ohmic. We observed that the n-Si layer is significantly more conducting than the Ni 80 Fe 20 layer. Although the specimen design is not expected to be the source of error in cubic relationship but we fabricated the new set of devices with 75 nm Ni 80 Fe 20 layer to maintain equality of current density within each layer. However, the new device does not exhibit the cubic relationship, between current and the D4 response, as well.
To uncover the reason for this deviation, we measured the L4 , N4 and D4 responses as a function of temperature at 0.3 K/min from 300 K to 5 K at applied heating current of 1.55 mA at Hence, inverse spin-Hall effect(ISHE) and SMR behavior arising intrinsically in n-Si should not be observable. We propose that the interfacial spin-orbit coupling gives rise to ISHE and SMR observed in this study. We do not observe a sinusoidal behavior expected for SSE and ANE from the N4 response shown in Figure 4 b. We observe a dominant sin 2 q zy behavior in the N4 response, which can be attributed to the spin-phonon interactions [9] due to SHE. In addition, the observed N4 response can arise from the Rashba effect mediated tunneling anisotropic thermopower [27] .
While the transition from SMR to AMR occurs below 200 K, we observe the emergent phase transition D4 response below 300 K similar to temperature dependent measurement. At 300 K, we observe a sin 2 q zy behavior in the D4 response with negative amplitude. The magnitude shows a sign reversal as the temperature is lowered to 200 K. The amplitude increases with decrease in temperature as shown in Figure 4 c. The observed behavior is attributed to the SHE mediated thermal resistance and hence called as spin-Hall magneto thermal resistance (SMTR) [9] .
From these measurements, we propose that the SHE in n-Si causes non-equilibrium spin accumulation due to proximity with Ni 80 Fe 20 layer. The spin accumulation leads to the observed emergent antiferromagnetic phase transition behavior as hypothesized (Figure 1 a) . Si is diamagnetic in the bulk form but local (weak) antiferromagnetic interactions have been predicted to exist due to site inversion asymmetry of centosymmetric diamond cubic lattice. The emergent antiferromagnetic phase transition is attributed to the site-inversion asymmetry in inversion symmetric diamond cubic lattice of n-Si [28, 29] . The emergent antiferromagnetic phase transition changes the magneto-thermal transport behavior as shown in Figure 2 c-d. The applied magnetic field causes dephasing of spin excitations in emergent antiferromagnetic phase and changes spinphonon relaxation behavior. This enhances the thermal transport behavior at low temperatures, as observed in reduction in D4 response. The observation of SHE is supported by the SMR measurement at 300 K and 200 K. This is the first experimental proof of SHE in n-Si. The SMR behavior disappears at low temperatures due to emergent antiferromagnetic phase transition. But, n-Si does not have intrinsic spin-orbit coupling. We propose that the ISHE, which is essential for SMR behavior, occurs at or near the interface of Ni 80 Fe 20 /MgO/n-Si. This interface gives rise to structure inversion asymmetry and in turn Rashba spin-orbit coupling [30] [31] [32] . The spin-orbit coupling due to structure inversion asymmetry in Si metal-oxide semiconductor field effect transistor (MOSFET) has been reported in magneto-transport behavior in two-dimensional electron gas (2DEG) in at low carrier concentrations [33] [34] [35] [36] . In addition, spin resonance measurements on Si metal-oxide semiconductor field effect transistor (FET) report suppression of spin resonance due to SOC [37] . This behavior agrees with the proposed hypothesis presented in this study due to ferromagnetic metal-oxide-Si interface except we observe this behavior at higher charge carrier concentrations. For strong Rashba SOC, the essential requirements are structure inversion asymmetric interface and intrinsic SOC of layer materials. In the Si MOSFET, the SOC due to structure inversion asymmetry is relatively small because the gate metals have small intrinsic SOC. In this study, n-Si have insignificant intrinsic SOC but Ni 80 Fe 20 have significantly large intrinsic SOC [38] , which may give rise to the strong Rashba SOC due to proximity effect [3, 39] . This poses a problem since Rashba effect is expected at two-dimensional electron gas (2DEG) or nanoscale thin films (few nanometer) whereas n-Si thin in this study is 2 µm. The length scale for Rashba effect is currently unknown. We propose that the length scale for Rashba spin-orbit coupling can be as large as the spin diffusion length in semiconductor or normal metal, which is supported by the observed experimental results. The observed Rashba effect may challenge the non-local spin transport measurement [1, 3, 40] in Si since Rashba effect may enhance the spin polarization.
Conclusion
In conclusion, we report magneto-electro-thermal transport measurements in specimen 
